ABSTRACT: Engineering controllable cellular interactions into nanoscale drug delivery systems is key to enable their full potential. Here, using folic acid (FA) as a model targeting ligand and dendron micelles (DM) as a nanoparticle (NP) platform, we present a comprehensive experimental and modeling investigation of the structural properties of DMs that govern the formation of controllable, FA-mediated cellular interactions. Our experimental results demonstrate that a high level of control over the specific cell interactions of FA-targeted DMs can be achieved through modulation of the PEG corona length and the FA content. Using various molecular weight PEGs (0.6K, 1K, and 2K g/mol) and contents of dendron-FA conjugate incorporated into DMs (0, 5, 10, 25 wt %), the cell interactions of the targeted DMs could be controlled to exhibit minimal to >25-fold enhancement over nontargeted DMs. Molecular dynamics simulations indicated that structural characteristics, such as solvent accessible surface area of FA, local PEG density near FA, and FA mobility, account in part for the experimental differences in cellular interactions. The molecular structure that allows FA to depart from the surface of DMs to facilitate the initial cell surface binding was revealed to be the most important contributor for determining FA-mediated cellular interactions of DMs. The modular properties of DMs in controlling their specific cell interactions support the potential of DMs as a delivery platform and offer design cues for future development of targeted NPs.
interaction between surface-bound targeting ligands and their binding counterparts on the cell membrane. 7,10,12−17 However, the relationship between physicochemical parameters of PEGylated, targeted NPs and their cellular interactions remains largely unexplored, hindering the design of an effective NP system that possesses controllable and consistent cellular interactions.
Recognizing the need for NPs to maintain high density PEG layers to promote the "stealth" effect, and yet realize high affinity and modular cellular interactions, we have recently developed dendron micelles (DM). 18−20 DMs are selfassembled nanostructures prepared from PEGylated dendronbased copolymers (PDC) that are amphiphilic triblock copolymers comprised of linear and dendritic polymer components ( Figure 1 ). The dendritic component (generation 3 polyester dendron) of PDCs enables multiple PEG chains to be conjugated to a single copolymer, resulting in DMs with strongly pronounced, high-density surface presentation of PEG layers. We previously reported that changes in the PEG corona lengths of DMs affected their nonspecific, charge-dependent cellular interactions in a controllable manner. For example, amine-terminated, positively charged DMs with PEG with molecular weight of 2000 g/mol (PEG2K) chains displayed negligible cellular interactions, 19 whereas similar DMs with shorter PEG0.6K formed strong nonspecific cellular interactions, 20 which was in agreement with a recent study using PEGylated Au NPs. 21 These findings support that DMs are an ideal platform to study the role of surface-bound molecules and PEG chains on the formation of controllable and targeted cellular interactions of NPs.
In this paper, we systematically evaluate the roles played by nanoscale structural features, including PEG corona length and targeting ligand density and clustering, on cellular interactions of DMs. Based on our previous results and literature, this study proceeds by testing three hypotheses: (1) shortening of the PEG corona length conjugated with a targeting ligand can amplify the targeting of DMs by intensifying the end-group effect; (2) increasing the number of targeting ligands incorporated into DMs would enhance the targeting ability of DMs; and (3) clustering of targeting ligands on the surface of DMs in a similar manner to dendrimers 22, 23 and lineardendritic block copolymer (LDBC) micelles 24 would facilitate the formation of localized multivalent interactions and enhance the cellular interactions of DMs. Surprisingly, each of these hypotheses was independently disproven; however, methods to modulate the level of targeted cellular interactions achieved by DMs were uncovered. Our experimental findings were further explained using atomistic molecular dynamics (MD) simulations that provided quantitative understanding of the cell interactions of the targeted DMs. It is expected that the findings presented herein will be useful for the development of the next generation of targeted NPs by providing methods to modulate NP-mediated specific cellular interactions.
RESULTS AND DISCUSSION
Given that folate receptors (FR) are overexpressed by a variety of cancer cells and that folic acid (FA) has been widely investigated to improve targeting of NPs, 25−27 FA was employed as the model targeting ligand in this study to interrogate the targeted cellular interactions of DMs. FAtargeted PDCs with different PEG chain lengths (0.6K and 2K g/mol) were synthesized by coupling N-hydroxysuccinimide activated FA to amine-terminated PDCs. 28 After FA conjugation, the remaining primary amine groups on PDCs were acetylated to block the formation of nonspecific interactions with cell membranes ( Figure S1 of the Supporting Information). 20 1 H NMR and UV−vis data revealed that 1, 2, or 3 FA molecules were conjugated to individual PDCs denoted as PDC-FA 1 , PDC-FA 2 , and PDC-FA 3 , respectively. Nontargeted PDCs without FA were also synthesized using our previously reported protocols, 18−20 where PDCs were prepared with PEG chains of 0.6K, 1K, and 2K g/mol. Details of the PDCs synthesized for this study including synthetic methods and characterization data obtained using 1 H NMR and GPC can be found in the Supporting Information (Figures S2−3 and  Table S1 ).
FA-targeted DMs were prepared by self-assembly from mixtures of targeted PDCs (PDC0.6K-FA 1 , PDC0.6K-FA 2 , PDC2K-FA 1 , or PDC2K-FA 3 ) and nontargeted PDCs (PDC0.6K, PDC1K, or PDC2K) at various ratios to evaluate the effect of the PEG corona length, percentage of PDC-FA incorporation, and FA clustering on the formation of targeted cellular interactions ( Figure 1 and Table 1 ). For detection of cellular interactions of DMs by fluorescence-based techniques, each formulation contained 10 wt % of Rho-labeled PDC0.6K. 20 All DMs were found to have similar sizes (∼20 nm in hydrodynamic diameter) as measured using dynamic light scattering (DLS) and ζ potentials varying from −8.2 to 0.2 mV (Table 1 and Figure S4 of the Supporting Information).
The first hypothesis was set up based on our previous finding where DMs with PEG0.6K chains (DM0.6K) exhibited a pronounced end-group effect on their cellular interactions. 20 To assess hypothesis 1 (Figure 1i ) that shortening the PEG corona length would facilitate the formation of strong, targeted cellular interactions of DMs, we monitored cell interactions of FA-targeted DM0.6K with FR-overexpressing KB cells (KBFR +) in vitro. FA-targeted DM0.6K was prepared by mixing nontargeted PDC0.6K with various percentages (0, 25, 50, and 90 wt %) of targeted PDC0.6K-FA 1 ( Figure S5A of the Supporting Information). Regardless of the PDC0.6K-FA 1 content, incubation of FA-targeted DMs with KBFR+ cells did not yield any noticeably enhanced cell interactions, compared to KBFR− cells used as control ( Figure S5B ,C of the Supporting Information). Similar results were also found when FA-targeted DMs with a longer PEG2K corona were used (data not shown). Clustered ligand arrangements of FA on the surface of DMs using PDC0.6K-FA 2 also did not result in increased targeted interactions (<1.5-fold relative to KBFR−), contrary to the results of Poon et al. using LDBC micelles 24 ( Figure S6 of the Supporting Information). These results demonstrated that shortening of the PEG corona length did not improve the targeted cellular interactions of DMs disproving our first hypothesis. This suggested that FA was unable to bind to FR on the cell surface likely due to a combination of high PEG density near FA that resulted in decreased accessibility (steric hindrance) and reduced translational motion of FA at the surface of the DMs to initiate NP-cell surface binding. Table 1 lists all DMs prepared in this study to reveal the effect of PEG corona chain length and content of targeted PDCs on cellular interactions of the micelles. First, to decrease the PEG density near FA and improve its translational motion, we prepared mixed micelles, which utilized a PDC with a longer PEG tether (PDC2K-FA 1 ) combined with nontargeted PDCs with shorter PEG coronas (either PDC0.6K or PDC1K) ( Figure 1ii ). The cellular interactions of nontargeted DMs with various PEG corona lengths were compared to a series of FAtargeted DMs with different PEG corona lengths that incorporated 5 wt % of the PDC-FA 1 conjugates (denoted as DM1, 2, 3, 7, 10) (Figure 2A ,B). As expected, DM2 and DM10 displayed relatively low levels of cellular interactions, whereas DM7 exhibited significantly enhanced cellular interactions over DM2 and DM10 by 2.5-fold. Shortening the PEG corona length to 0.6K using DM3 led to the most significant enhancement in cellular interactions (5-fold). Compared to nontargeted DM1 and DM6, the targeted DMs displayed cellular interactions upward of 25-fold higher ( Figure 2B ,C). The differences in cellular interactions of DM3 and DM7 were found to directly influence their targeting kinetics ( Figure  2C ). Comparing the slopes of the curves between 0 and 3 h, DM3 and DM7 displayed significantly different rates of initial cellular association of 33.33 and 15.50 A.U./h. Following 24 h incubation, both DM3 and DM7 showed binding saturation, although DM7 was unable to reach the same level of interaction as DM3. Differences in cellular interactions among DMs could be explained by differences in cell association rate likely due to a diminished ability of FA to interact with FR when surrounded by (or embedded in) longer PEG corona at high density. Notably, the targeted cellular associations affected by the PEG corona length could have implications in solid tumor targeting and penetration, similarly to how charge and generation affect dendrimers as previously shown. 29, 30 One can argue that the observed differences could be a result of micelle disintegration in the conditions we used. To address this, we performed additional DLS studies to measure the stability of DM1, DM2, DM3, and DM10 (selected given the significant differences in terms of cell interactions as shown in Figure 2 ) in various solutions, such as PBS, 5× PBS, and serumfree and 10% serum containing RPMI 1640 media over 24 h. No significant size increase was found for the DMs in any of the conditions, demonstrating the high stability of the DMs (Table  S2 and Figures S7−S11 of the Supporting Information).
Based on our observation indicating that the formation of targeted cellular interactions of DMs was independent of the FA content ( Figure S5 of the Supporting Information), our second hypothesis was revised ( Figure 1iii ). Now we hypothesized that increasing the percentage of PDC2K-FA 1 in DM0.6K or DM1K at 5, 10, and 25 wt % (DM3, 4, 5 and 7, 8, 9, respectively) would decrease cellular interactions, since a higher percentage of PDC2K-FA 1 in DMs alters the ratios between longer and shorter PEG corona, resulting in the overall structure more similar to DM10 ( Figure 3A ). Higher percentages of PDC2K-FA 1 incorporation (>25 wt %) were attempted but resulted in increased nonspecific binding to the cell culture plates likely due to aggregation 22 (data not shown); therefore, those groups were not included. Up to 25 wt %, PDC2K-FA 1 was incorporated into DMs at ratios consistent with predefined mixing ratios ( Figure 3B ). Then, the cellular interactions of the various DMs were evaluated using KBFR+ and KBFR− cells ( Figure 3C and D, respectively). A significant uptake of FA-targeted DMs observed for KBFR+ cells only (not for KBFR− cells), in addition to the minimal interactions of nontargeted DM1 and DM6 with KBFR+ cells, confirmed the specificity of the various FA-targeted DMs. DM4 and DM5 displayed lower levels of cellular interactions, at the 95% and 70% levels, respectively, of DM3. A more dramatic decrease in the cellular interactions was observed from DMs with PEG1K corona. For DM7, DM8, and DM9 micelles, the cellular interactions were only 47%, 43%, and 30% of the maximal interactions of DM3, respectively. It is likely that a significant reduction in targeted cellular interactions would occur at above a critical percentage of PDC2K-FA 1 (5% as seen for DM3) incorporation particularly when the PEG tether length with FA is not sufficiently longer than the length of the PEG corona ( Figure S5 of the Supporting Information). This indicates that the nontargeted PEG corona length is a governing factor for determining the cellular interactions of FA-targeted DMs. These results support our revised hypothesis that an increase in the percentage of PDC2K-FA 1 in DMs to above a critical level diminishes targeted cellular interactions of DMs.
In a similar manner to our second hypothesis, we assessed our third hypothesis that ligand clustering on the surface of DMs would facilitate the formation of multivalent interactions and subsequently enhance cellular interactions (Figure 1iv ). FA-targeted PDC2K was synthesized to have approximately 3.1 FA per PDC (denoted PDC2K-FA 3 ) (Table S1 and Figures S2−S3 of the Supporting Information). Clustered (CL) DMs (noted as DM3−5CL) were prepared at similar FA contents as DM3−5. In sharp contrast to a previous report by the Hammond group suggesting the benefits of FA-clustering on LDBC micelles, 24 the cellular interactions of clustered DMs were significantly decreased (by up to 6 times) compared to unclustered DMs ( Figure 4A,B) . These results disproved our third hypothesis that the clustered arrangement of FA on the surface of DMs would promote the formation of enhanced cellular interactions.
To better understand the reasons underlying the diminished cellular interactions due to FA clustering, the size, surface area, and aggregation number (N agg ) for generation 5 (G5) polyamidoamine (PAMAM) dendrimers ( Figure 4D ). Noninteracting FA molecules on the surface of DMS have a vdW energy of 0 kcal/mol. Considering that the binding pocket of FR is only large enough to accommodate a single FA, 32 the formation of intermolecular interactions between adjacent FA supports our experimental findings that clustering of FA on the surface of DMs lead to diminished cellular interactions.
To obtain a molecular-level understanding of the factors that contribute to the formation of FA-targeted DMs−cellular interactions, we modeled the DMs by atomistic MD simulations. We selected seven FA-targeted DMs ( Figure S12 of the Supporting Information) that represented the experimentally evaluated DMs. DMs that were simulated (S) corresponded to the experimentally tested DMs (e.g., DM3 = DMS3). Individual PDCs were prepared using visual molecular dynamics (VMD) and arranged into spherical assemblies forming DMS that consisted of N agg of 60. The size of each DMS modeled was calculated using VMD (Table S4 of the Supporting Information) and was similar to those measured by DLS (Table 1) .
We then investigated the DMS structure and dynamics by analyzing the solvent accessible surface area (SASA) of FA, the local PEG density near FA, and the distribution of FA positions with respect to the micelle center (see Supporting Information for additional details). In Figure 5A , it is clearly shown from the MD simulation cross sections of DMS that the PEG corona length influenced the amount of spreading of the PEG chains of the FA-targeted PDCs (pink color). DMS with the same PEG corona length as the targeted PEG length displayed more condensed and restricted conformations, whereas DMS with PEG coronas shorter than the targeted PDC PEG length displayed more relaxed and flexible conformations. Without optimization of the chain length of the PEG-targeting ligand conjugates, FA could become buried within the core, as shown for PEG-poly(lactide-co-glycolide) (PLGA) NPs. 33 Assuming that the availability of FAs is critical for targeted cellular interactions of DMs, we calculated the SASA of FA on DMS to show how much of its surface is covered by water. Interestingly, the SASA results for the selected FA-targeted DMS with different PEG corona lengths did not yield significant differences, suggesting that SASA of FA is not completely responsible for determining the targeting capability of FA-targeted DMs ( Figure 5B and Figure S13A of the Supporting Information). SASA cannot fully explain the limited targeted cellular interactions of DM2 and DM10, which both have relatively large SASA. Figure 5 . MD simulation of the effect of PEG corona lengths on spreading of PEG chains, PEG density, SASA, and probability distribution of the position of FA. Cross sections of DMS displaying the core (yellow), PEG chains (blue), PDC-FA 1 (pink), FA (green) (A). Water is not shown for clarity. SASA of various DMS formulations (B). Density distribution of atoms surrounding FA on the surface of DMS (C). Inset: density distribution from 0 to 2 nm. Probability distribution of the position of FA from the surface of the DMS2, 3, 7, and 10 (D−G). SASA, density, and probability distribution of the position of FA are the data calculated over 500, 100, and 500 frames, respectively.
To provide further understanding of how the PEG corona length affected the cellular interactions of FA-targeted DMs, we calculated the atomic density distribution around FA with 1 Å resolution ( Figure 5C ). However, this density also correlated only partially with the level of FA-targeted DM cellular interactions. DMS3 displayed the lowest PEG density (<0.05 amu/Å 3 ) within 1 nm of FA, which could be attributed to the large difference between PEG2K-FA 1 and the PEG0.6K corona chain molecular weights and the associated high level of PEG2K spreading. The PEG densities around FA for DMS2, DMS7, and DMS10 were higher than for DMS3, but contrary to level of FA-targeted DM cellular interactions, the PEG densities were only moderately different one from another and reached a maximum of 0.3 amu/Å 3 . Similar densities were also observed for DMs with PEG0.6K coronas and increasing percentages of PDC2K-FA 1 incorporation ( Figure S13B of the Supporting Information). Although these results supported the strong cellular interactions of DM3, the density of DMS7 was much greater than DMS3, suggesting that an additional factor is influencing FA-targeting of DMs.
Finally, we explored the FA availability (position) above the PEG corona, assuming that the free availability of FA-targeting ligand could be important for the initiation of selective ligand− receptor interactions. 34 Figure 5D −G presents an overlay of the hydrophobic core density (black line), the PEG corona density (red line), and the probability distribution of FA from the DM center (blue line) for DMS2, DMS3, DMS7, and DMS10, respectively. On average, the density of the core reached 0.6 amu/Å 3 for all DMS. DMS10 displayed the most compact core (radius of 6 nm), while other cores radii ranged from 7 to 9 nm. The thickness of each PEG corona layer correlated well with the PEG chain length.
On the surface of DMS2, FA was mostly hidden within the PEG corona ( Figure 5D ). On DMS7 and DMS10, the DMs and PEG-FA chains were on average of similar lengths, so FA could fluctuate to its near full extension while being close to the surface ( Figure 5F ,G). FA is more freely available on DMS7 than on DMS10, which agrees with the observed FA activities of these two DMs in vitro. However, FA was never found fully extended above the surface of DMS3, since most of the time it is close to the short PEG corona interface ( Figure 5E ). Therefore, DMS3 may be able to provide more conformational freedom compared to the other micelles (dotted line in Figure  5E ). This can be an important factor for the FA binding to FR. In the presence of a nearby FR, the FA distributions might reach up to FR, as long as the DMs provide enough conformational space (DMS3). FR is considered to have a deep binding pocket, 32 where the pterin ring of FA forms hydrogen bonds with amino acids within the protein. The depth of the receptor-binding pocket determines the size of spatial FA fluctuations (beyond the PEG corona), which are necessary for FA to optimally reach the binding site. For example, virtually all the RGD binding sites can be reached with peptides extending 46 Å from the surface of polyacrylonitrile beads. 35 However, the binding pocket of integrin receptor head is as deep as 80 Å.
CONCLUSION
Taken together, our results demonstrate a high level of controllability over the formation of FA-targeted cellular interactions of DMs through modulation of the PEG corona length and the percentage of PDC-FA incorporation. The greatest enhancement in targeted cellular interactions (>25-fold) was observed for DM3 that consisted of 95 wt % nontargeted PDC0.6K-Ac and 5 wt % targeted PDC2K-FA 1 . Further increased percentages (above 5 wt %) of PDC2K-FA 1 incorporated into DMs led to reductions in targeted cellular interactions. To understand these observations, we performed atomistic MD simulations and quantitatively assessed three parameters related to the FA ligands (SASA, local PEG density, and the position distribution of FA). These results provide strong evidence that the ability of FA to depart from the surface of DMs to facilitate the initial cell surface binding interaction is a critical contributor for determining FA-mediated cellular interactions of DMs. Larger FA fluctuations are related to a lower PEG density surrounding the targeting ligand, which is also observed to correlate with the strength of cellular interactions. Additionally, we anticipate that the coiled state of the longer PEG chains surrounding the targeting ligand due to the dendritic architecture may be useful to reduce the negative effects of the protein corona on targeted NP cellular interactions by reducing the relative amounts of serum protein adsorption into PEG chains. 36−38 We anticipate that the concepts and considerations presented herein using DMs will be widely applicable toward future avidity-targeted NP development by providing a series of cues to design effective NPs as nanocarriers for the treatment of various diseases.
METHODS
Materials. Dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), and FA were purchased from Sigma-Aldrich Co. (St. Louis, U.S.A.). Regenerated cellulose dialysis membrane was purchased from Spectrum Laboratories (CA, U.S.A.). All solvents and reagents were used without further purification unless otherwise specified.
Synthesis of Nontargeted PDCs and Rhodamine (Rho)-Labeled PDCs. PDCs used in this study were synthesized using similar protocol to those previously described starting from PCL3.5K-G3-PNP.
18−20
Synthesis of FA)-Targeted PDCs (PDC-FA). FA-targeted PDCs were synthesized by coupling PCL-G3-PEG(0.6K or 2K)-NH 2 (PDC-NH 2 ) to an NHS-activated FA. First, FA was activated with DCC and NHS as described previously. 39 Briefly, FA (50 mg, 0.113 mmol) was dissolved in 1.5 mL dimethyl sulfoxide (DMSO). DCC (25 mg, 0.121 mmol) dissolved in 0.5 mL DMSO followed by NHS (44.85 mg, 0.390 mmol) dissolved in 0.5 mL DMSO were then added dropwise to the FA solution and stirred overnight. The dicyclohexylurea byproduct was then filtered off using a 0.2 μm nylon syringe filter to yield the NHSactivated FA solution at a concentration of 20 mg/mL. The solution was then used immediately.
Synthesis of PDC0.6K-FA 1 and PDC0.6K-FA 3 . NHS-activated FA solution (2.97 mg, 0.00674 mmol, 2 equiv, 148.7 μL of stock solution for PDC0.6K-FA 1 or 5.95 mg, 0.0135 mmol, 4 equiv, 297.5 μL of stock solution for PDC0.6K-FA 2 ) in 0.5 mL DMSO was added dropwise to a stirring solution of PDC0.6K-NH 2 (25 mg, 0.0034 mmol, 7418.79 Da from 1 H NMR) in DMSO (2 mL). The reaction was performed at room temperature for 24 h. To the stirring solution, triethylamine (32.74 mg, 0.324 mmol, 45.09 μL, 20% excess to acetic anhydride) was added. Acetic anhydride (27.52 mg, 0.270 mmol, 25.48 μL) was then added dropwise to the stirring solution. The reaction was allowed to progress for 24 h at room temperature. The solution was then dialyzed against dH 2 O for 24 h using a 3.5 kDa MWCO membrane and lyophilized for 2 days.
Synthesis of PDC2K-FA 1 . NHS-activated FA solution (1.51 mg, 0.0034 mmol, 2 equiv, 75.6 μL of stock solution) in 0.5 mL DMSO was added dropwise to a stirring solution of PDC2K-NH 2 (25 mg, 0.0017 mmol, 14596.3 Da from 1 H NMR) in 2 mL DMSO. The reaction was performed at room temperature for 24 h. To the stirring solution, triethylamine (16.6 mg, 0.164 mmol, 22.92 μL, 20% excess to acetic anhydride) was added. Acetic anhydride (14.0 mg, 0.137 mmol, 12.95 μL) was then added dropwise to the stirring solution. The reaction was allowed to proceed for 24 h at room temperature. The solution was then dialyzed against dH 2 O for 24 h using a 3.5 kDa MWCO membrane and lyophilized for 2 days.
Synthesis of PDC2K-FA 3 . NHS-activated FA solution (1.86 mg, 0.0042 mmol, 5 equiv, 93 μL of stock solution) in 0.5 mL DMSO was added dropwise to a stirring solution of PDC2K-NH 2 (12 mg, 0.00084 mmol, 14 238 Da from NMR) in DMSO (1.5 mL). The reaction was performed at room temperature for 24 h. The solution was then dialyzed against dH 2 O for 24 h using a 3.5 kDa MWCO membrane and lyophilized for 2 days.
PDC and DM Characterization. 1 H NMR spectra were recorded at 400 MHz (DPX-400 NMR spectrometer, Bruker Biospin Co., MA, U.S.A.). NMR chemical shifts are reported in ppm with calibration against a solvent signal (7.24 ppm for CDCl 3 and 2.5 ppm for DMSOd 6 ). GPC measurements were carried out using a 600 HPLC pump, 717plus Autosampler, and a 2414 refractive index detector (Waters, Milford, MA, U.S.A.) using THF as the mobile phase at 0.5 mL/min with Waters Styragel HR2 and HR4E columns at 30°C. Molecular weight (M n ) was determined relative to the elution volume of polystyrene standards.
DLS and ζ Potential Analysis. Particle size of the various DMs (1 mg/mL) was measured using a NICOMP 380 ζ potential/particle sizer (Particle Sizing Systems, Santa Barbara, CA) as previously described. 18 For experiments evaluating the stability of DMs in PBS, 5× PBS, and serum-free and 10% fetal bovine serum (FBS) containing RPMI 1640 media over 24 h, the particle size was measured using a Malvern Zetasizer ZS (Malvern Instruments, Westborough, MA) at concentrations of 0.5 mg/mL. 38 All measurements were performed in triplicate in ddH 2 O (pH 5.6) using unfiltered micelle samples.
Micelle Preparation. DMs with varying content of FA were prepared using the dialysis method. Briefly, individual PDCs ( Figure  S2 of the Supporting Information) were combined together in 250 μL DMF and stirred for 5−10 min. To the stirring solution, 200 μL of dH 2 O was then added dropwise to induce the self-assembly of the DMs. The solution was allowed to stir for at least 10 min before being placed into a 3.5 kDa MWCO dialysis membrane and dialyzing against dH 2 O overnight to remove the organic solvent. The following day, the micelle solution was then collected and centrifuged for 5 min at to 9300 × g to remove any aggregates, and the supernatant was collected. The final micelle solution was diluted to 1 mL with dH 2 O (1 mg/mL) and subjected to further characterization using fluorescence spectroscopy and DLS/ZP. PDC0.6K-Rho-Ac was incorporated into the DMs at 10 wt % for visualization. 20 Cell Culture. KB cells (human oral carcinoma cells) were obtained from American Type Culture Collection (ATCC) (Manassas, VA, U.S.A.) and grown continuously as a monolayer in 75 cm 2 T flasks in GIBCO RPMI 1640 medium (Invitrogen Corporation, Carlsbad, CA, U.S.A.) in a humidified incubator at 37°C and 5% CO 2 . RPMI was supplemented with penicillin (100 units/ml), streptomycin, and 10% heat-inactivated FBS (Invitrogen Corporation, Carlsbad, CA, U.S.A.) before use.
Cellular Uptake of DMs. For confocal laser scanning microscope (CLSM) observation, KB cells were seeded in glass bottom culture dishes (Corning) or 8-well Millicell EZ slides (Millipore, MN) at densities of 2 × 10 5 and 1 × 10 5 cells/well, respectively. The cells were allowed to adhere for overnight before starting the experiments. Prior to the experiment, the fluorescence intensity of DM samples was measured and normalized. This enabled direct differences in cellular interactions to be compared between groups.
Cells were then treated with 60 μg/mL of Rho-labeled DMs in serum free RPMI or DPBS to assess any potential differences in internalization depending on PEG corona length, PDC-FA percent incorporation, or FA clustering. After incubation, the wells were washed two times with 1× DPBS and fixed with a 4% paraformaldehyde solution and mounting agent with DAPI. The specimens were visualized using a Carl Zeiss microscope (LSM 710, Carl Zeiss MicroImaging GmbH, Gena, Germany), and images were obtained using a 40× objective (Objective "C-Apochromat" 40×/1.20 W corr, Carl Zeiss MicroImaging GmbH, Gena, Germany). Zen (Carl Zeiss MicroImaging GmbH, Gena, Germany) was used for processing of images.
Cellular Association of Surface-Modified DMs by Flow Cytometry. For flow cytometry measurement, KB cells were seeded in 12-well plates at a density of 2 × 10 5 cells/well 24 h prior to the experiment to allow for cell adherence. Cells were then treated with 1 mL of 60 μg/mL of FA-targeted DM solutions in DPBS or serum free RPMI for a specified amount of time. After incubation, the cells were washed twice with 1 mL of 1× DPBS and suspended by 300 μL trypsin/EDTA. The resultant cell suspensions were then centrifuged at 500 × g for 5 min, the supernatant was discarded, and the cells were resuspended in 500 μL of a 1% paraformaldehyde solution and transferred to flow cytometry sample tubes. Samples were examined using a LSR Fortessa flow cytometer (Beckman Coulter, Franklin Lakes, NJ).
MD Simulations of DMs. Atomistic MD simulations of FA-targeted DM assemblies with aggregation numbers, N agg , of 60 were performed in 150 mM NaCl solution. We used the NAMD package 40 and the CHARMM force field (CHARMM27, C35r revision for ethers, and general force field) 41−43 for simulation. In the simulations, we used Langevin dynamics with damping constant of γ Lang = 0.1 ps −1 to achieve a faster relaxation. Nonbonded interactions were calculated using the cutoff distance of d = 10 Å. Long-range electrostatic interactions were calculated by the PME method, 44 and the MD integration time step was set to 2 fs. The individual PDCs were equilibrated for ∼25 ns in water, using the NPT ensemble with periodic boundary conditions applied (P = 1 bar and T = 300 K). We visualized all the PDCs using VMD1.9.
45
SASA. We calculated SASA using VMD plugin. In this calculation, the radius of the solvent was 1.4 Å. The solvent radius was added to the vdWs radius of each atom. Then a sphere of the combined radius was imaged. 500 points were randomly distributed on the surface of the sphere. All the points were checked against the surface of all the neighboring atoms. The accessible number of points was multiplied with the assigned surface area each point represents. Here we initially selected the FA in the whole micelle. Then we calculated the exposure of the FA toward the solvent. In case of multiple FAs, we calculated the average over the number of FAs. We performed the analysis over 500 frames during 5 ns.
Atomic Density Calculation. We calculated the radial density distribution of the hydrophobic core and PEGylated corona of each micelle. We also separately calculated the atomic density distribution surrounding the FA. where m i is the mass of ith atom within the set of N a atoms found in the bin with volume V. Each bin is a spherical shell with thickness Δr = 1 Å. For the case of core and the corona, the concentric spheres were centered at the center of the micelle. For the atomic density distribution surrounding the FA, the shells were centered at the center of the FA. In case of multiple FAs, we calculated the average over the number of FAs. The density calculations were performed over N t = 100 frames during 1 ns of simulation. Distribution of the Position of FA. We calculated the distance of the FA from the center of the micelle for each frame. Using this data, we prepared a histogram to show the distance distribution of the FA from the center of the micelle. The histogram bin size is 2 Å. We measured the distance for 500 frames during 5 ns. We normalized the number of frames in each bin by the total number of frames.
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